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MembraneWe have successfully delivered FITC and FITC-Dextran (70, 250 kDa) into canola protoplasts by cen-
trifuging cells with different amounts of microbubbles at variable centrifuge speed. The efﬁciency is
around 90%, while cell viability remains high. Confocal microscopy images show that both FITC and
FITC-Dextran are scattered inside the cytoplasm and the cell nucleus. Pores are observed on canola
protoplast cell membranes and cell walls when centrifuged with microbubbles, while the mem-
brane of cells centrifuged alone remain intact and smooth. We hypothesize that the collision
between the microbubbles and cells or the bursting of microbubbles are the main reasons for the
formation of these pores. Biomaterials can diffuse into the cells once the pathway is created.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Although numerous studies have been performed on the deliv-
ery of biomolecules into mammalian cells, normal chemical-based
methods usually do not achieve desired results on plant cells [1].
The main reason is, unlike mammalian cells, plant cells have a solid
cell wall made up of cellulose and hemicellulose. This stiff struc-
ture is very hard to penetrate. In addition, the cell wall also re-
stricts the plant cells’ endocytotic ability [2], and thus the
probability for the cells automatically uptaking the biomolecules
is very low when biomolecule carriers, like polymers or lipids, ap-
proach the cell surface.
The biolistic or particle bombardment system has a long history
of being used in plant transformation [3–5]. In this method, bio-
molecules along with gold bullets enter the target cells due to air
pressure acceleration [6–7]. Other methods have also been used
including electroporation and sonoporation. For instance, Blackhall
has achieved the delivery of FITC-Dextran (150 kDa) into plant pro-
toplasts by electroporation [8], while Harold investigated the effect
of electroporation transmembrane potential, acoustic energy expo-
sure, uptake molecule size and the presence of a cell wall on intra-cellular uptake and cell viability [9]. These methods can achieve
high delivery efﬁciency, but cell viability is usually low as a
trade-off.
In this article, we developed a new method of delivering bio-
molecules such as ﬂuorescein isothiocyanate (FITC) and FITC-
Dextran into canola protoplasts using the microbubble assisted
centrifuge process. FITC had been widely used as a cell labeling tool
for a long time [10–11], and FITC-Dextran is usually considered a
membrane impermeable molecule [12–13]. In this experiment,
both FITC and FITC-Dextran of molecule weight 70 and 250 kDa,
respectively were used for a delivery study. As Fig. 1 shows, the ca-
nola protoplasts are ﬁrst extracted from the original canola cell
clusters. The protoplasts were then centrifuged with a mixture of
microbubbles and biomolecules. The role of microbubbles is simi-
lar to their application in sonoporation: the bursting of microbub-
bles in a high pressure environment induces cavitation or liquid
streaming resulting in pores on the cell membrane [14–20]. In this
system, microbubbles were broken possibly due to the centrifuge
ﬁeld or collisions with the canola cells. Flow cytometry (FACS) his-
tograms and confocal microscopy images proved that the biomol-
ecules chosen in our experiment entered the protoplasts after the
treatment. The delivery efﬁciency was around 90%, and the cell
viability was around 100% based on cell counts after staining by
ﬂuorescein diacetate (FDA). Overall, FITC and FITC-Dextran with
molecule weight around 70 and 250 kDa, respectively were
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Fig. 1. Illustration of the proposed delivery method. The thick black circle stands for the cell wall surrounding the canola protoplasts.
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cell viability. The pores formed on the protoplast as shown in the
SEM image conﬁrm the delivery mechanism of this method.
2. Materials and methods
2.1. Microbubble preparation and measurement
Twenty milligram 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC) (850365P, Avanti Polar Lipids), 2 mg Tween-80 (P1754,
Sigma–Aldrich) and 6 ml chloroform (288306, Sigma–Aldrich)
were mixed together in a round-bottom ﬂask (30 ml, Kontes)
and then evaporated on a rotatory evaporator (LABOROTA 4000,
Heidolph). The dried lipid ﬁlm was stirred with 4 ml PBS solution
(14190–250, Gibco) to a ﬁnal concentration of 5 mg/ml at 60 C
for 2.5 h. Finally, 4 ml Glycerol (G5516, Sigma) was added to the
previously prepared solution, and the mixture was then stirred at
60 C for another 1.5 h to form the microbubble solution. Vialmix,
equipment which was used to activate the commercialized ultra-
sound contrast agent Deﬁnity, was applied to integrate air into
the lipid-coated monolayer through a high-speed agitation process
at 4530 oscillations per minute for 45 s. To accurately measure the
size of the microbubbles, 100 ll activated microbubble solution
was diluted into a 50 ml beaker, and the microbubble solution
was passed through a 20 lm aperture to obtain size distribution
information with a Multisizer™ 3 Coulter Counter.
2.2. Cell culture and protoplast preparation
Canola cell suspension was maintained on a rotary shaker (160
RPM) at 20 C in NLN media (pH 6.0, containing 6.5% sucrose,
30 mg/l glutathione, 800 mg/l glutamine, 100 mg/l L-serine,
0.5 mg/l a-naphthaleneacetic acid (NAA), 0.05 mg/l 6-benzylami-
nopurine (BA) and 0.5 mg/l 2,4-D). To extract the protoplasts,Diameter (µm)
(a)
Fig. 2. Microbubble morphology, size distribution. (a) Microbubble size distribution mplant cells were ﬁrst incubated with CPW13M solution, consisting
of 27.2 mg/l KH2PO4 (P5655, Sigma–Aldrich), 101 mg/l KNO3
(P8291, Sigma–Aldrich), 1480 mg/l CaCl22H2O (C7902, Sigma–
Aldrich), 246 mg/l MgSO47H2O (63138, Sigma–Aldrich),
0.16 mg/l KI (60399, Sigma–Aldrich), 0.025 mg/l CuSO45H2O
(C3036, Sigma–Aldrich), and 130 g/L Mannitol (M1902), pH 5.8
for 1 h at room temperature. The solution was then replaced with
a digestion solution, consisting of MS salts, 0.06% 2-(N-Morpho-
lino) ethanesulfonic acid (MES), 13% mannitol, 0.025% Pectolyase
Y23 (Kanematsu-Gosho, Tokyo, Japan) and 0.4% Cellulase Onozuka
R-10 (Yakult Honsha Co., Japan), pH 5.8. The solution was then
incubated for 5 h at 25 C in the dark. The digestion mixture was
then ﬁltered through a sterile nylon cell strainer (40 lm, BD
Falcon, USA) to remove the large cell clusters, and centrifuged
(40g) for 8 min afterwards. The resulting pellet was resuspended
in CPW13M solution.
2.3. Microbubble-assisted centrifuge process
1  106 Canola protoplasts were transferred to a 1.5 ml centri-
fuge tube for the microbubble-assisted centrifuge experiments. A
small amount of CPW13M solution was left to submerge the small
canola protoplast pellets in the bottom of the centrifuge tube. Five
microlitre FITC solution (0.01 mg/ml, dissolved in CPW13M) was
added into the centrifuge tube and mixed with the microbubble
solution. The solution was then centrifuged at different speeds (ex-
pressed in relative centrifugal force (RCF)/centrifuge speeds) (1g/
100 RPM, 28g/500 RPM, 112g/1000 RPM, 252g/1500 RPM and
447g/2000 RPM) in an Allegra™ 25R centrifuge (Beckman Coul-
ter) for 2 min. The process was repeated three times. The ﬁnal
amount of FITC solution added was 15 ll, and the ﬁnal amount
of microbubble solution tested was 5, 15, 25, 45 and 65 ll. Finally,
the canola protoplasts were centrifuged at 252g (1500 RPM) for
an additional 4 min. Before checking the delivery results, 400 ll(b)
easured by Multisizer™ 3; (b) schematic description of the microbubble structure.
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(1500 RPM) for 4 min.
To deliver FITC-Dextran, the experiment procedures were the
same as the delivery of FITC. In short, each time, 10 ll 100uM
FITC-Dextran (70 or 250 kDa, dissolved in CPW13M) was mixed
with 5 ll microbubble solution and centrifuged at 252g (1500
RPM) for 2 min. Overall, the ﬁnal amount of FITC-Dextran solution
added was 30 ll, and the ﬁnal amount of microbubble solution was
15 ll. After that, the canola protoplast solution was centrifuged at
252g (1500 RPM) for 4 min. FITC-Dextran is sticky. To wash down
the FITC-Dextran remaining on protoplasts’ membranes, the canola
protoplasts were washed in 400 ll CPW13M at 252g (1500 RPM)
for 4 min.
Comparison experiments were performed in the similar way as
the delivery experiments. Except that, after 1  106 protoplasts
were submerged in CPW13M solution which just covered the cell
pellets’ surfaces, 15 ll FITC (0.01 mg/ml, dissolved in CPW13M)
or 30 ll 100 lM FITC-Dextran (FD70 kDa or FD250 kDa, dissolved
in CPW13M) were directly added in the protoplast solution and left(a) 
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Fig. 3. FITC delivery into canola protoplasts. (a) Delivery efﬁciency of FITC into canola pr
protoplasts using different amounts of microbubble solution; (c) FACS histogram of canol
centrifuged alone, while the blue and green curves stands for the result obtained by mix
(100 RPM), respectively; (d) FACS histogram of delivery efﬁciency with 5 and 65 ll of mi
while the red and orange curves stand for result obtained by 5 and 65 ll microbubble so
alone; (f) confocal microscopy image of canola protoplasts centrifuged by the mixture ofor 6 min. The solution was replaced with 300 ll CPW13M solution
and washed at 252g (1500 RPM) for 4 min afterwards.
2.4. FACS analysis and cell viability detection
The protoplasts were resuspended in 300 ll CPW13M solution
after the delivery and washing in order to evaluate the delivery
efﬁciency using a FACSCalibur (Becton–Dickinson). For a cell viabil-
ity assay, the protoplasts were stained with 3 ll FDA, and 10 ll
protoplast solution was then transferred onto a hemocytometer.
Images were taken under both the bright and ﬂuorescent ﬁelds,
and ﬁnally merged together by Photoshop CS4. Only the ﬂuores-
cent cells will be considered as living. The number of ﬂuorescent
cells would be counted based on the merged image.
2.5. Confocal microscopy and SEM analysis
The canola protoplasts were ﬁrstly attached onto the cover slip
by polylysine. The protoplasts were then dehydrated by 4%(b) 
(d)
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a protoplasts under various conditions. The black curve stands for canola protoplast
ing FITC with canola protoplast only and FITC centrifuged with microbubles at 1g
crobubble solution. The black curve stands for canola protoplasts centrifuged alone,
lution, respectively; (e) confocal microscopy image of canola protoplast centrifuged
f microbubbles and FITC.
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transferred to a slide using Vectashield mounting medium
containing DAPI. Images were taken under a Leica SP5 II confocal
microscope. For SEM images, 40  104 canola protoplasts were
centrifuged with 45 ll microbubble solution at 1006g (3000
RPM) as mentioned before. After that the protoplasts were ﬁxed
in pure methanol for 5–10 min, and then underwent critical point
drying as mentioned in [21]. SEM images were taken by a JSM 6301
FX emission scanning electron microscope (JEOL) operated at 5 kV.
3. Results and discussion
3.1. Microbubble size and morphology
Size distribution of the microbubbles was analyzed by a Multi-
sizer™ 3 and the results are shown Fig. 2a. The horizontal axis de-
notes the particle size, while the vertical axis conveys the particle
number at a particular size. Since the measurement was performed
under a 20 lm aperture, which had a proper measurement range
from 0.4 to 12 lm. The microbubble size distribution curve started
around 500 nm. The curve clearly shows that the microbubble size
distribution peak was around 1 lm. DSPC and Tween80 are the
main components of the microbubble monolayer, while air is
trapped inside [22–23] (Fig. 2b). Glycerol is added in order to fur-
ther stabilize the microbubble structure by slowing down the air
diffusing rate to the surrounding environment.
3.2. FITC delivery into canola protoplasts
The effect of centrifuge speed and the amount of microbubbble
solution on the delivery efﬁciency were separately identiﬁed and
quantiﬁed byﬂow cytometry. Fig. 3a show the result of delivery efﬁ-
ciency at different centrifuge speeds: different centrifuge speeds(a) (b)
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Fig. 4. Confocal microscopy images of canola protoplasts with delivered FITC-Dextran
microbubbles and FITC-Dextran 70 kDa; the image on the top-right corner of Fig. 4b show
The cell wall is marked by the red dashed line; (c) canola protoplasts centrifuged with
under various conditions: the black curve stands for the canola protoplasts centrifuged
Dextran (70 kDa) and FITC-Dextran (250 kDa) respectively, while the red curve and gre
Dextran 70 kDa or FITC-Dextran 250 kDa, respectively.have no signiﬁcant impact on delivery efﬁciency. The delivery efﬁ-
ciency could reach 90% even when the centrifuge speed is only
1g (100 RPM). Similarly, the delivery efﬁciencies were indepen-
dent of the amount of microbubble solution, as shown in Fig. 3b.
Theefﬁciencies are around85–90%. TheFACShistogramsof cell ﬂuo-
rescenceare shown inFig. 3c andd. Thehorizontal axis is theﬂuores-
cence strength, while the vertical axis stands for the cell number at
certain ﬂuorescence strength. On Fig. 3c protoplasts centrifuged
alone are shown as a single population with low ﬂuorescent back-
ground on the left. The peak of the ﬂuorescence distribution of pro-
toplasts mixed with FITC for 6 min (blue curve) shifted to the right.
Theﬂuorescence distribution of protoplasts centrifugedwithmicro-
bubbles at 1g (100 RPM) (green curve) shows two peaks and
shifted to the far right. This phenomenon shows that after themicro-
bubble assisted centrifugation process, the protoplasts have a stron-
ger ﬂuorescence signal,which alsomeans themicrobubbles assisted
centrifugation process did help improve the delivery efﬁciency. To
clearly present the delivery difference between samples centrifuged
with different amounts of microbubble solution, the FACS histo-
grams were compared between samples centrifuged with 5 and
65 lL of microbubble solution as shown in Fig. 3d. The ﬂuorescence
distribution for canola protoplasts centrifuged with 65 lL of
microubble solutionwasmuch sharper than thatwith5 lL ofmicro-
bubble solution. In other words, more canola protoplasts have up-
taken a similar amount of FITC in the sample centrifuged with
65 lL of microbubble solution. The reasons might be that the extra
amount of microbubbles opened extra pores on the cell membrane
of one single protoplast, or a greater population of overall protop-
lasts increases diffusing FITC molecules into the cells. Fig. 3e and f
show the confocal microscopy images of canola protoplasts centri-
fuged alone and canola protoplasts with FITC delivered by micro-
bubbles assisted centrifugation. The blue color stands for the cell
nucleus, while the green ﬂuorescent color was emitted by FITC(c)
H
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(a) canola protoplasts centrifuged alone; (b) canola protoplasts centrifuged with
s the FITC-Dextran 70 kDa could be delivered even into canola cells with cell walls.
microbubbles and FITC-Dextran 250 kDa; (d) FACS histogram of canola protoplasts
alone, the pink and blue curve stand for the canola protoplasts mixed with FTIC-
en curve stand for the canola protoplasts centrifuged with microbubbles and FITC-
(a) (b) 
Fig. 5. Cell viability of canola protoplasts detected by the FDA staining method. (a) Viable cell count with different amounts of microbubble solution; (b) viable cell count after
centrifuged at 447g (2000 RPM) with microbubble solution.
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Fig. 6. SEM images of canola cells. (a) A canola protoplast with centrifugation alone; (b) canola protoplasts treated by microbubbles assisted centrifugation; the pores formed
are pointed out by the red arrows; (c) canola cells with cell wall centrifuged alone; (d) canola cells with cell wall centrifuged with microbubbles. The red dashed circle marks
the area with small pores.
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the canola protoplasts were green conﬁrming that FITCs have been
delivered into the protoplasts.
3.3. FITC-Dextran delivery into canola protoplasts
Fig. 4b and c show the confocal microscopy images of samples
centrifuged with the mixture of microbubbles and FITC-Dextran.
Bothof the images showan intense greenﬂuorescent signal released
by FITC-Dextran closely surrounding the cell nucleus (blue colored).
On the top right corner of Fig. 4b, an image shows that the FITC-
Dextran could even enter walled canola cells after treatment using
microbubble assisted delivery. A small population of individual
walled canola cells exist due to the fact that cell walls were not fully
removed by the enzyme solution. Unlike canola protoplast cells, thewalled cells usually do not have a round morphology. The image on
the top right of Fig. 4b shows that theburstingofmicrobubbles could
even create pores on the cell wall when centrifugedwithmicrobub-
bles. The FACS histogram is shown in Fig. 4d. Similar to the results
obtained under FITC delivery experiment, when centrifuged with
microbubbles, the ﬂuorescence distribution clearly shifted to the
right compared to the canola protoplasts centrifuged alone or canola
protoplasts only mixed with FITC-Dextran (70 or 250 kDa).
3.4. Viability of canola protoplasts treated with microbubble assisted
centrifuge process
The canola protoplast viability was checked using the FDA
staining method. Only the ﬂuorescent protoplasts are considered
to be viable, and the number of ﬂuorescent cells was counted using
290 C. He et al. / FEBS Letters 587 (2013) 285–290a hemocytometer. Although different amounts of microbubble
solution were used, the number of live cells had no signiﬁcant
change compared to cell control as shown in Fig. 5a. The percent-
ages of the number of viable protoplasts in various amount of
microbubble solution compared to the protoplasts centrifuged
alone are also shown in Fig. 5a. Except at the point where 25 ll
of microbubble solution was used, the values of the percentages
go down as the amount of microbubble solution increases. The cell
viability of the sample treated with 447g (2000 RPM) was also
measured using the same method shown in Fig. 5b. The number
of viable canola protoplasts when centrifuged with microbubbles
is very similar to the number of viable canola protoplasts when
centrifuged alone. All of this data indicates that the damage caused
by the microbubble assisted centrifuge process to the protoplasts is
very limited. It was hypothesized that the bursting of microbub-
bles induces pores on the cell membrane, but protoplasts might re-
cover from this temporary pore opening and most of the
protoplasts survive after the treatment. This is an obvious advan-
tage to the other physical-based methods (bombardment, sonopo-
ration and electroporation), because the high delivery efﬁciency of
the other methods usually leads to low cell viability.
3.5. SEM images of canola protoplasts treated with the microbubble
assisted centrifuge process
Fig. 6a shows the canola protoplasts morphology when centri-
fuged alone. The cell surface is intact and smooth. Canola protop-
lasts’ surfaces change signiﬁcantly when centrifuged with
microbubbles (Fig. 6b). There are many small pores on the cell sur-
face as pointed out by red arrows. The cell surface also becomes
rougher. For canola cells with cell walls, the cells accumulate to-
gether and attach to each other (Fig. 6c and d). When centrifuged
alone, the canola cells show an integrated cell wall (Fig. 6c). Con-
trary to the pores scattered on the canola protoplasts’ membranes,
pores on cell walls are formed only in certain regions and are much
smaller when centrifuged with microbubbles. The regions marked
by the red dashed line are magniﬁed and shown in the left part of
Fig. 6d. The pores formed on the protoplasts’ membranes and cell
walls might due to the bursting of microbubbles during the centri-
fuge process. Once the intracellular pathway had been created, the
biomolecules such as FITC or FITC-Dextran could then be more eas-
ily diffused into the cells. The protoplasts’ membranes are mainly
composed of a lipid double layer, while the cell walls are made
of cellulose. As a result, the cell wall is much more rigid than the
cell membrane. The pores created by the impact force are therefore
much smaller on the cell wall than on the cell membrane.4. Conclusion
Not much research has been reported so far on biomolecule
delivery into plant cells. In this study, we have successfully deliv-
ered biomolecules of up to 250 kDa into canola protoplasts using
a microbubble assisted delivery method. The delivery efﬁciency
was around 90%. Although the delivery efﬁciency is similar at a
variety of centrifuge speeds and amounts of microbubble solution,
the FACS histogram showed that a higher amount of microbubble
solution could lead to stronger ﬂuorescence. The advantage of this
method is the cost is extremely low. In addition, the number of
viable canola protoplast after microbubble assisted centrifugation
is as high as canola protoplasts which are centrifuged alone with
around 90% delivery efﬁciency. From confocal microscopy images,
we observed that FITC-Dextran could be delivered even into
canola cells with intact cell walls. This new delivery method holds
a great potential. Studies of this method’s applications in plant cellbiology and transformation technology are the subjects for our
future investigations.
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